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Introduction
Research Goals
Effects of pore and crack interactions on
damage and healing in rock
⇒ nuclear waste disposals,
high-pressure gas storage
Thermo-hydro-mechanical couplings in soils
due to cyclic thermal loadings
⇒ heat-exchanger piles,
deep geothermal systems
Surface and interface energy in porous media
subjected to coupled THMC processes
⇒ carbon dioxide sequestration,
permafrost evolution due to climate change
Comparison of continuum and particulate
mechanics for the assessment of damage
⇒ fluid injection,
hydraulic fracturing
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Introduction
Observation Scale(s)...





“Pore Size Distribution” (PSD)
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Introduction
Observation Scale(s)...





“Pore Size Distribution” (PSD)
⇒
Macroscopic thermodynamic variables
εij , pl , pg , T , Ωij ...
Microscopic geometric parameters
rmin, rmax , rav , λ...
⇐
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Introduction
Applications of Damage Poromechanics to Energy Geotechnics
1 Modeling Damage in Porous Media By A Phenomenological
Approach [Arson & Gatmiri, 2008-2011]
2 Determining Internal Variables to Model Rock Damage and
Healing [Xu, Arson & Chester, 2012 ; Arson, Xu & Chester,
2012]
3 Relating Damaged Rock Microstructure to Macroscopic Flow
and Poro-Elastic Properties [Arson & Pereira ; Pereira & Arson,
2012]
4 Homogenized Stiffness Tensor of Damaged Dentin Repaired
by Resin Injection [Vennat & Arson, 2012]
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Modeling Damage By A Phenomenological Approach
1 Modeling Damage in Porous Media By A Phenomenological
Approach [Arson & Gatmiri, 2008-2011]
Thermodynamic Background
A THM Damage Model for Unsaturated Rock : “THHMD Model”
Study of Nuclear Waste Disposals with the THHMD Model
2 Determining Internal Variables to Model Rock Damage and Healing
[Xu, Arson & Chester, 2012 ; Arson, Xu & Chester, 2012]
Models of Damage and Healing in Salt Rock : State of the Art
A New Damage and Healing Model for Salt Rock
Damage and Healing During a Triaxial Compression Test
3 Relating Damaged Rock Microstructure to Macroscopic Flow and
Poro-Elastic Properties [Arson & Pereira ; Pereira & Arson, 2012]
Why is this important to account for the microstructure ?
A New Model of Permeability for Cracked Porous Rock
Results : Simulation of Triaxial Compression Tests
Extension of the Model to Unsaturated Conditions
4 Homogenized Stiffness Tensor of Damaged Dentin Repaired by
Resin Injection [Vennat & Arson, 2012]
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Modeling Damage By A Phenomenological Approach Thermodynamic Background
Thermodynamics of Open Systems [Coussy, 2004]
First Law of Thermodynamics (porous solid filled with a non reactive fluid mixture)
K̇ + Ėint = Ėtot = Pmec + Ėchem + Q̇
Pmec = Pdefo + K̇ ⇒ Ėint = Pdefo +
∑
j
µj Ṅj + Q̇
Ψ = Eint − TS ⇒ Ψ̇ + T Ṡ + SṪ = Pdefo +
∑
j
µj Ṅj + Q̇





Φ = Pdefo +
∑
j
µj Ṅj − SṪ − Ψ̇ > 0
Thermodynamic potentials depend on state variables and internal variables.
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Modeling Damage By A Phenomenological Approach Thermodynamic Background
State Variables for Non-Isothermal Unsaturated Porous Media
2 miscible pure fluids (liquid, gas), small deformation, absence of body forces.
Inequality of Clausius-Duhem :
Φ = Φs + Φl + Φg + ΦT > 0











Φl = [−∇X pl ] · φlVrl
Φg = [−∇X pg ] · φgVrg
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Modeling Damage By A Phenomenological Approach Thermodynamic Background
Thermodynamic Conjugation Relationships
The free energy of the solid skeleton is sought in the form :
Ψs = Ψs(ε
e, φel , φ
e
g ,T ;χ)
χ : vector containing all internal variables of interest, e.g. damage (Ω), hardening
variables such as the equivalent plastic strain (γp)


















































































; Ss = −
∂Ψs
∂T







> 0 ; ξ = −
∂Ψs
∂χ
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Modeling Damage By A Phenomenological Approach Thermodynamic Background
Choice of the stress state variables for unsaturated porous media
number of stress variables ?
A long-standing debate [Fredlund and Morgenstein 1977, Houlsby 1997]
Example for incompressible solid grains :
Bishop’s effective stress : σ′ = (σ − pgδ) + χ (pg − pl ) δ
independent state variables :
(σ − pgδ; pg − pl ) or (pg − pl ; σ − plδ) or (σ − plδ; σ − pgδ)
nature of the state variables ?
No unique formulation [Coussy, 2004 ; Dangla, 2010].
Example for elastic isothermal unsaturated porous media,
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)
Assumption 1 : cracks do not interact
Assumption 2 : the loss of deformation energy due to shear cracking is
negligible, i.e. cracks mainly open due to tensile (micro-)stress (opening
orthogonal to the crack plane)
Assumption 3 : at the scale of the REV, damage may be represented by three
equivalent cracks (homogenization)
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Modeling Damage By A Phenomenological Approach A THM Damage Model for Unsaturated Rock : “THHMD Model”
THHMD Model [Arson, 2009] : Independent State Variables
1 Assumption : incompressible solid phase. Clausius-Duhem Inequality :
(σij − paδij ) ∆εji +(pa − pw )∆ (−nSw )−η∆T −∆Ψs (εij , nSw ,T ,Ωij )≥ 0
2 3 independent strain variables : mechanical strain εMij , capillary strain εSv and
thermal strain εTv ...
...conjugate to 3 independent stress variables :
net stress σ”ij = σij − paδij , suction s = pw − pa, and thermal stress pT :
σ”ij ↔ εM ij
s ↔ εSv
pT ↔ εTv
3 Thermodynamic decomposition of the total strain tensor :




















e : elastic, d : non-elastic (irreversible)
4 Clausius-Duhem Inequality written in terms of stress/strain products :
σ”ij ∆εMij +s ∆εSv +pT ∆εTv −∆Ψs
(
εMij , εSv , εTv ,Ωij
)
≥ 0
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Modeling Damage By A Phenomenological Approach A THM Damage Model for Unsaturated Rock : “THHMD Model”
Equivalent Mechanical State





τ k nk i nk j
)
in the equivalent mechanical state [Swoboda & Yang, 1999] :
τ̃ij = g Ωij
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Modeling Damage By A Phenomenological Approach A THM Damage Model for Unsaturated Rock : “THHMD Model”
Equivalent Mechanical State & Free Energy - Mechanical Problem
Conjugation relationships with equivalent stress [Arson & Gatmiri, 2010] :
σ̃ij = σij + τ̃ij = σij + g Ωij , σ̃ij =
∂Ψe(εpq ,Ωpq)
∂εij
Conjugation relationships for a damaged isothermal solid [Halm & Dragon, 1998] :
σij =






⇒ damaged elastic energy + energy required to maintain cracks closed
Ψs(εpq ,Ωpq) = Ψe(εpq ,Ωpq)−gΩij εji
Ψs(εpq ,Ωpq) =
1
2 εji Deijkl (Ωpq) εlk−gΩij εji
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Modeling Damage By A Phenomenological Approach A THM Damage Model for Unsaturated Rock : “THHMD Model”
Solid Skeleton Free Energy - Coupled THM Problem
[Arson & Gatmiri, 2010, 2012]
3 components of Helmholtz free energy :
Ψs(εMkl , εSv , εTv ,Ωkl ) =
1
2 εMji Deijkl (Ωpq) εMlk +
1
2 εSvβs (Ωpq) εSv +
1
2 εTvβT (Ωpq) εTv
−gM Ωij εMji −
gS
3 δij Ωji εSv −
gT
3 δij Ωji εTv
Damaged Rigidities Computed by the Principle of Equivalent Elastic Energy
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Modeling Damage By A Phenomenological Approach Study of Nuclear Waste Disposals with the THHMD Model
Influence of the Initial State of Damage [Arson & Gatmiri, 2012]
Kamaishi Experimental Site [Rutqvist et al. 2001]
depth : 250m
T0 = 12.3oC
granite : Sw0 = 1
bentonite : Sw0 = 0.635
1 heating source at 100oC
during 8.5 months (259
days)
2 relaxation period
of 6 months (183 days)
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Modeling Damage By A Phenomenological Approach Study of Nuclear Waste Disposals with the THHMD Model
Influence of the Initial State of Damage [Arson & Gatmiri, 2012]
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Modeling Damage By A Phenomenological Approach Study of Nuclear Waste Disposals with the THHMD Model
Influence of the Initial State of Damage [Arson & Gatmiri, 2012]
After 10 days of heating
INITIALLY UNDAMAGED INITIALLY DAMAGED
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Modeling Damage By A Phenomenological Approach Study of Nuclear Waste Disposals with the THHMD Model
Influence of the Initial State of Damage [Arson & Gatmiri, 2012]
After 20 days of heating
INITIALLY UNDAMAGED INITIALLY DAMAGED
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Modeling Damage By A Phenomenological Approach Study of Nuclear Waste Disposals with the THHMD Model
Influence of the Initial State of Damage [Arson & Gatmiri, 2012]
After 30 days of heating
INITIALLY UNDAMAGED INITIALLY DAMAGED
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Modeling Damage By A Phenomenological Approach Study of Nuclear Waste Disposals with the THHMD Model
Influence of the Initial State of Damage [Arson & Gatmiri, 2012]
After 50 days of heating
INITIALLY UNDAMAGED INITIALLY DAMAGED
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Modeling Damage By A Phenomenological Approach Study of Nuclear Waste Disposals with the THHMD Model
Influence of the Initial State of Damage [Arson & Gatmiri, 2012]
After 259 days of heating
INITIALLY UNDAMAGED INITIALLY DAMAGED
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Modeling Damage By A Phenomenological Approach Study of Nuclear Waste Disposals with the THHMD Model
Influence of the Initial State of Damage [Arson & Gatmiri, 2012]
After 259 days of heating and 183 days of relaxation
INITIALLY UNDAMAGED INITIALLY DAMAGED
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Internal Variables to Model Rock Damage and Healing
1 Modeling Damage in Porous Media By A Phenomenological
Approach [Arson & Gatmiri, 2008-2011]
Thermodynamic Background
A THM Damage Model for Unsaturated Rock : “THHMD Model”
Study of Nuclear Waste Disposals with the THHMD Model
2 Determining Internal Variables to Model Rock Damage and Healing
[Xu, Arson & Chester, 2012 ; Arson, Xu & Chester, 2012]
Models of Damage and Healing in Salt Rock : State of the Art
A New Damage and Healing Model for Salt Rock
Damage and Healing During a Triaxial Compression Test
3 Relating Damaged Rock Microstructure to Macroscopic Flow and
Poro-Elastic Properties [Arson & Pereira ; Pereira & Arson, 2012]
Why is this important to account for the microstructure ?
A New Model of Permeability for Cracked Porous Rock
Results : Simulation of Triaxial Compression Tests
Extension of the Model to Unsaturated Conditions
4 Homogenized Stiffness Tensor of Damaged Dentin Repaired by
Resin Injection [Vennat & Arson, 2012]
C. Arson (TAMU & GaTech) Damage Mechanics of Porous Media July 12th , 2012 18 / 53
Internal Variables to Model Rock Damage and Healing Models of Damage and Healing in Salt Rock : State of the Art
Microscopic Processes versus Macroscopic Dilatancy Boundary
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Fig. 17. Deformation mechanism map for WIPP salt [19]. 
substructure may be the most important bit of infor- 
mation for identifying deformation mechanisms because 
it constitutes direct physical evidence. Identifying mech- 
anisms based on observable microstructure is sometimes 
complicated because the amount of strain required to 
produce observable substructural changes can depend 
on the mechanism. 
The rate at which individual mechanisms operate 
depends on stress and temperature in a way that is 
strongly characteristic of the individual mechanism. 
Therefore at any given stress and temperature, a single 
mechanism usually accounts for nearly all the observed 
deformation. It is convenient to plot the region in which 
each mechanism dominates in a stress-temperature dia- 
gram. These diagrams are called deformation mechan- 
ism maps and have been compiled for many crystalline 
materials [13]. Figure 17 shows a deformation mechan- 
ism map Munson [19] has constructed for natural salt. 
The map is based on few data, and boundaries separ- 
ating regions dominated by a single mechanism are 
constructed from poorly substantiated assumptions or 
theoretical arguments. Figure 17 also shows that over 
a large region of interest the deformation mechanisms 
are yet unknown. The map, therefore, is useful mostly 
for discussion and cannot be translated directly into 
constitutive equations or applied to a specific salt. 
As stress and temperature increase, the strain increases 
and the attendant substructures become better devel- 
oped. The first substructural change (i.e. evident at low 
stresses, temperatures and strain levels) is an increase in 
dislocation density. The increase over the natural density 
occurs at strains appreciably less than 0.01. At slightly 
greater levels of strain dislocations cluster along pre- 
ferred crystallographic planes. As the strain increases, 
these diffuse bands evolve into sharp, linear glide bands. 
As test conditions become more severe, particularly 
as temperature increases, and produce greater strain, the 
individul bands become wavy and cross link. These 
substructures sometimes give the appearance of 
elongated polygons. At temperatures above one-third of 
the melting temperature and strain of a few percent, 
equant polygons form. Recently, research has demon- 
strated that dynamic recrystallization may be an 
important mechanism at large strain. 
Because the rate-controlling mechanisms are a strong 
function of temperature, the potential mechanisms are 
listed in order either from low temperature to high 
temperature or from small strains to large strains: 
1. Glide. 
2. Cross slip. 
3. Diffusional processes: 
(a) climb (with glide); and 
(b) core diffusion. 
4. Dynamic recrystallization. 
Other mechanisms that have not been studied effectively 
also may be important, such as the unknown mechan- 
ism(s) at low temperature and low stress, grain boundary 
sliding and microcracking. Each listed mechanism is 
discussed in subsequent sections. First a physical 
description of each mechanism is given. Then optical 
evidence from microscopic studies is discussed and 
related to the physical description. Both the physical 
description and the substructures will then be related to 
phenomenology. Finally, a theoretical constitutive 
model for each mechanism is given. 
Mechanism I: glide 
Physical description. Plastic deformation by glide 
results from dislocation motion on a family of crystallo- 
graphic planes. For the NaCI structure, the easy glide 
plane and direction is one that does not bring together 
ions of like charge. These six glide planes and directions 
comprise a system denoted as {110} (l  T0). The rate of 
glide along a particular plane and direction increases 
with the resolved shear stress. Carter and Heard [35] 
showed that under repository conditions {110} (IT0) is 
always activated before other possible systems. 
Microscopic observations. Many optical microscopic 
studies have identified glide bands in halides. Carter and 
Hansen [18] contains a comprehensive summary of 
published observations. Many natural salt samples that 
were experimentally deformed under repository con- 
ditions contain glide bands. Observation is relatively 
simple. One way to see glide bands is to observe thin 
chips or sections in cross-polarized light. The glide bands 
show as photoelastic effects along { 110}. Another means 
to observe the substructure is by etching the surface of 
a cleaved chip. The glide bands stand out as linear arrays 
of pits. 
Phenomenology. Dislocation glide can produce a tran- 
sient (strain hardening) phenomenon. The hardening can 
occur by intersection of dislocations or by dislocation 
pile-ups at obstacles such as grain boundaries. As more 
dislocations are produced, a greater propensity exists for 
interaction. Interactions can create tangles that impede 
other dislocations, which results in hardening. Likewise 
dislocations piling up at a grain boundary create a stress 
[Senseny et al., 1992]
isochoric dislocation processes
→ is horic vi coplastic d for ation
dilata t micro-cracking
→ crack-i duced dilatant volumetric
deform tion
fluid-as isted Diffusive Mass Transf r
(DMT)
→ contracta “healing” deformation
  [Schulze, 2007]
Concept of Dilatancy Boundary





no volume change within the
dilatancy boundary zone
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Internal Variables to Model Rock Damage and Healing Models of Damage and Healing in Salt Rock : State of the Art




















































⇒ Objective : Model Anisotropic Damage and Temperature-Dependent Healing
1 introduction of internal variables to quantify dissipation
induced by damage and healing
2 effect of crack opening and healing on deformation
3 anisotropy induced by cracking (i.e. damage)
and healing (i.e. recovery) on the stiffness tensor
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Internal Variables to Model Rock Damage and Healing A New Damage and Healing Model for Salt Rock
Outline of the Damage and Healing Model [Xu, Arson & Chester, 2012]
Continuum Damage Mechanics : unilateral effects [Chaboche, 1993]
tensor damage variable Ω obeying an evolution criterion (fd ) similar to plasticity
⇒ Kuhn-Tucker consistency equations⇒ damage cannot decrease
⇒ neutralization of crack-induced damage in compression only (closed cracks)
Healing Models for Salt Rock [Chan et al., 1998 ; Hunsche & Hampel, 1999 ; Hou, 2003]
viscoplastic variable controlled by an incremental evolution law (ω̇)
⇒ can increase (damage growth) and decrease (healing) BUT isotropic
Proposed Modeling Scheme :
σ̇ = Ded (A) : ε̇, Aij = Ωij − δijδhh
“Brittle” crack opening (Kuhn-Tucker conditions apply) + Time-dependent Healing :
fd (Ω,Y d ) =
√
Y d : Y d − C0 − C1Ω : Ω, ḣ =
Tr(A)pH(p)
τG
DMT healing deformation [Senseny et al., 1992 ; Chan et al., 1998] :
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Internal Variables to Model Rock Damage and Healing Damage and Healing During a Triaxial Compression Test
Imposed Stress Path and Resulting Stress/Strain Curves
A→ B : isotropic confinement
C → D : waiting time (healing)
B → C : axial compression
D → E : axial unloading
C. Arson (TAMU & GaTech) Damage Mechanics of Porous Media July 12th , 2012 22 / 53
Internal Variables to Model Rock Damage and Healing Damage and Healing During a Triaxial Compression Test
Evolution of the Components of Deformation
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Internal Variables to Model Rock Damage and Healing Damage and Healing During a Triaxial Compression Test
Evolution of the Internal Variables
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Relating Microstructure to Macroscopic Properties
1 Modeling Damage in Porous Media By A Phenomenological
Approach [Arson & Gatmiri, 2008-2011]
Thermodynamic Background
A THM Damage Model for Unsaturated Rock : “THHMD Model”
Study of Nuclear Waste Disposals with the THHMD Model
2 Determining Internal Variables to Model Rock Damage and Healing
[Xu, Arson & Chester, 2012 ; Arson, Xu & Chester, 2012]
Models of Damage and Healing in Salt Rock : State of the Art
A New Damage and Healing Model for Salt Rock
Damage and Healing During a Triaxial Compression Test
3 Relating Damaged Rock Microstructure to Macroscopic Flow and
Poro-Elastic Properties [Arson & Pereira ; Pereira & Arson, 2012]
Why is this important to account for the microstructure ?
A New Model of Permeability for Cracked Porous Rock
Results : Simulation of Triaxial Compression Tests
Extension of the Model to Unsaturated Conditions
4 Homogenized Stiffness Tensor of Damaged Dentin Repaired by
Resin Injection [Vennat & Arson, 2012]
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Relating Microstructure to Macroscopic Properties Why is this important to account for the microstructure ?
Damage is non local
Damage is non local [Bazant, 1991],
i.e. Ω(x) influences fields of variables at x + dx
integral formulations : usually, non-local deformation or non-local energy








differential formulations : usually, introduction of the gradient of deformation
[Askes and Sluys, 2002] or the gradient of damage [Frémond & Nedjar, 1996]


















microstructure-enriched models [Mindlin, 1964 ; Germain, 1973(a,b)] : usually
second-gradient models (micro-translation), Cosserat models (micro-rotation)
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Relating Microstructure to Macroscopic Properties Why is this important to account for the microstructure ?
Characteristic length in the expression of the free energy
effective material area introduced in the expression of the free energy
' square of the characteristic length [Arson & Gatmiri, 2008]




ε : D (Ω) : ε−gΩ : ε












+γD Ω : Ω
energy related to damage influence zone [Frémond & Nedjar, 1998]
Ψ (ε, ω,∇ω) = 1
2
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock
Damaged Permeability Model [Arson & Pereira, 2012] : Assumptions




dk nk ⊗ nk
Cracks do not intersect but are connected to the natural pores :
K w = K 0w + K
c
w
Cracks and natural pores are connected, but do not overlap :
Vv = Vp + Vc
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock
Damaged Permeability Model [Arson & Pereira, 2012] : Assumptions
Flow in the natural pores and cracks is modeled as a laminar flow in
parallel cylinders.
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock
Expected Evolution of the Pore Size Distribution Curve with Cracking
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock
Expected Evolution of the Pore Size Distribution Curve with Cracking
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock
Expected Evolution of the Pore Size Distribution Curve with Cracking
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock
Expected Evolution of the Pore Size Distribution Curve with Cracking
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock
Size Distribution of Natural Pores













if rpmin ≤ r ≤ r
p
max
0 if r < rpmin or if r > r
p
max
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock
Size Distribution of Cracks









if r cmin ≤ r ≤ r cmax
0 if r < r cmin or if r > r
c
max
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock
PSD Parameters & Porous Volumes [Arson & Pereira, 2012]
Volumetric frequency of the pores of radius r :
f (r) = Lα(r)π r2 α(r) = αp(r) + αc(r)








max , r cmin, r
c
max : min. and max. radius values for natural pores and cracks
αp : frequency of occurrence of natural pores of radius r in the REV








Np, Nc : number of natural pores and cracks in the REV
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock









D (Ω) : εid = −gΩ
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Relating Microstructure to Macroscopic Properties A New Model of Permeability for Cracked Porous Rock
Resolution Algorithm : from Macro to Micro Variables
















Np and s are fixed parameters, determined in the algorithm initialization














λc is a fixed parameter, determined in the algorithm initialization
3 update α(k)p (r) and α
(k)
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Relating Microstructure to Macroscopic Properties Results : Simulation of Triaxial Compression Tests
Simulation of Triaxial Compression Tests (Granite, σc = 0)
[Arson & Pereira, 2012]
E (Pa) ν (-) g (Pa) C0 (Pa) C1 (Pa) e0 (-)
8.01 1010 0.28 −3.3 108 1.1 105 2.2 106 0.008
rpmin (µm) r
p
max (µm) r cmin (µm) r
c
max (µm)
0.01 1 0.1 10
Reference Results [Halm and Dragon, 2002 ; Arson and Gatmiri, 2010]























σc = 0 MPa























σc = 20 MPa
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Relating Microstructure to Macroscopic Properties Results : Simulation of Triaxial Compression Tests
Deviatoric Stress and Damage Evolutions
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Relating Microstructure to Macroscopic Properties Results : Simulation of Triaxial Compression Tests
Variations of the Model Variables m and Nc
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Relating Microstructure to Macroscopic Properties Results : Simulation of Triaxial Compression Tests
Porous Volume Changes
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Relating Microstructure to Macroscopic Properties Results : Simulation of Triaxial Compression Tests
Impact on Permeability
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Relating Microstructure to Macroscopic Properties Extension of the Model to Unsaturated Conditions
Impact on Degree of Saturation
Triaxial Compression Test with control of capillary pressure
(pc = 300 kPa)
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Relating Microstructure to Macroscopic Properties Extension of the Model to Unsaturated Conditions
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Relating Microstructure to Macroscopic Properties Extension of the Model to Unsaturated Conditions
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Dentin Injection
Tooth Structure
E. Vennat         FBP 2012 4











- Carious lesion removal
- Superficial demineralization :
hydroxyapatite removal on a few
microns






Picture : courtesy of Dr. E. Vennat, Ecole Centrale Paris, France
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Dentin Injection
Research Problems
compression strength of intact, demineralized and injected dentin ?
dentin stiffness tensor ?
1 stiffness homogenization of collagen fibers : protein matrix +
hydroxyapatite crystals / water / resin ? ?
2 stiffness homogenization of Inter-Tubular Dentin (ITD) : fibers +
hydroxyapatite crystals / water ? ? ? resin ? ? ?
3 stiffness homogenization of ITD + Peri-Tubular Dentin (PTD, considered
homogeneous) + Tubules (lumen / resin)
micro-structure of intact, demineralized and injected dentin ? periodic
composite ? mixture of solid and fluid constituents ?
homogenization scheme ?
adhesion remaining dentin / resin ?
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Dentin Injection
First Micro-Porosimetry Observations
Intact dentin & Dentin with No Collagen Demineralized Dentin
Pictures : courtesy of Dr. E. Vennat, Ecole Centrale Paris, France
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Conclusion
Current Research Topics
Constitutive Modeling of Porous Media Subject to Damage and
Thermo-Hydro-Chemo-Mechanical Couplings
1 Damage and Healing in Rock : Fault Mechanics, Hydraulic Fracturing,
Geostorage in Salt Rock, Waste Repositories in Clay Rock
2 Poromechanics Applied to Energy Engineering : Heat Exchanger Piles,
Thermo-Osmotic Flow around Nuclear Waste Disposals, CO2 sequestration
3 Combination of Continuum and Particulate Mechanics for Sustainable
Infrastructure : Ballast Particle Crushing, Scour & Erosion around Bridge Piers
4 Damage and Fatigue in Materials Other than Rock : Elastomeric Bearings,
Cement Paste, Teeth...
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Appendix
Damage Evolution Law : Extension of the Concept of Tensile Strain
[Arson & Gatmiri, 2009]
influence of tensile mechanical stress, thermal expansion and capillary pore
shrinkage :
























− C0 − C1δij Ωji
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Appendix
Impact of Damage on Intrinsic Permeability
[Arson & Gatmiri, 2010, 2012]











Kwij ∇ (s)j − Kwij ∇ (z)j
Influence of Damage on intrinsic permeability :
Kwij = kr (Sw , T ) Kint ij (n,Ωpq)
Kwij = kr (Sw , T )
[
K intactij (n


















δij − nki nkj
)
b : internal length parameter
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Appendix
Triaxial Compression Tests [Arson & Gatmiri, 2010]
Mechanical Tests - “dry” granite























pc = 0 MPa




























Ωrr = Ωθθ, Ωzz = 0
Granite Main Material Parameters [Halm and Dragon 2002]





8.01 1010 0.28 6.07 1011 6.07 1011
C0 (Pa) C1 (Pa) gM (Pa) gS (Pa) gT (Pa)
1.1 105 2.2 106 −3.3 108 0 0
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Appendix
Triaxial Compression Tests [Arson & Gatmiri, 2010]
Mechanical Tests - “dry” granite




















pc = 5 MPa




























Ωrr = Ωθθ, Ωzz = 0
Granite Main Material Parameters [Halm and Dragon 2002]





8.01 1010 0.28 6.07 1011 6.07 1011
C0 (Pa) C1 (Pa) gM (Pa) gS (Pa) gT (Pa)
1.1 105 2.2 106 −3.3 108 0 0
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Appendix
Triaxial Compression Tests [Arson & Gatmiri, 2010]
Mechanical Tests - “dry” granite























pc = 20 MPa




























Ωrr = Ωθθ, Ωzz = 0
Granite Main Material Parameters [Halm and Dragon 2002]





8.01 1010 0.28 6.07 1011 6.07 1011
C0 (Pa) C1 (Pa) gM (Pa) gS (Pa) gT (Pa)
1.1 105 2.2 106 −3.3 108 0 0
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Appendix
Influence of the Damage Parameters [Arson & Gatmiri, 2010]
[Pollock, 1986]
Sw0 = 0.15
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Appendix



















K dgij = K
max
w, dg δij for Ωij = 0.95δij
⇒ computation of b
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